The variation of the transition energy Yt moc2 across the momentum aperture inthe ISR has been deter- This leads to a momentum blow-up.
Introduction
The transition energy Yt moc2 as well as the particle energy itself depends on the radial position inside the magnet aperture.
Particles with different momentum deviations will therefore pass through transition energy at different times during an acceleration cycle.
This "Johnsen effect'1 has been studied mainly in connection with transition crossing.
However, since some consequences of this effect are also important for storage rings, several measurements of the relevant parameters have been carried out at the ISR.
Many authors have investigated transition energy effects.
Here the theory given in references 1,2 and 3 is followed and adapted to apply to the measurement results.
Consideration is given to a storage ring with a fixed magnetic field.
The variations of several longitudinal phase plane parameters are investigated as a function of the deviation of the beam momentum from the central momentum (a subscript 'c' refers to the central value of the parameter concerned).
A momentum deviation 6 given by 
Ytc
The dependence of the phase oscillation frequency on momentum is sometimes called "longitudinal chromaticity". For large amplitudes the dependence of n on S has to be taken into account in deriving the phase oscillation equation. This leads to a non-linear phase motion3 'K Some of the effects already discussed can be very important if a machine is operated close to its transition energy. This is illustrated in Fig. 1 , where the ISR is assumed to operate in such a way that the central orbit is at transition energy, i.e. yc = Ytc. For a frequency of the acceleration system being slightly less than hwc, there are two buckets, one on the outside being above transition energy (cos cs < 0) and one on the inside being below transition energy (cos fs > 0). IHowever this only applies when the higher order terms and the energy spread are small3.
The variation of the longitudinal phase plane parameters can be of practical importance for storage rings:
a) The area of the empty RF bucket changes xwhile traversing a stack during phase displacement acceleration. This can lead to a momentum blow-up which is clearly observed in the ISR6 and could be important for larger machines.
b) The non-linearity of the phase motion could change the radiation damping partition numbers for large amplitudes7. c) By operation of a storage ring close to transition energy short bunches can be obtained if the non-linear terms can be controlled.
HIence short pulses of synchrotron radiation could be produced as well as coherent synchrotron radiation if the bunches are made very short.
d) It has been suggested that the dependence of Q on p could lead to a longitudinal head-tail instability4. Variation of Yt and y, phase oscillation frequency Qs (VRF = 12 kV), difference in revolution frequency w-wc and n across the momentum aperture for the ISR operating at transition energy.
A bunched beam was displaced across the aperture and its revolution frequency measured as a function of average radial position.
The bunch frequency was measured using a high precision frequency synthesiser (0.1 Hz accuracy) and the mean radial position was ob--tained from the normal closed orbit measuring system (Fig. 2) . Due to the long beam lifetime, the accurate measurement and control of the magnet parameters, and the good beam diagnostics, the ISR is a very suitable machine for measuring the change of Yt across the momentum aperture.
Many measurements were made close to transition energy.
The beam had to be either accelerated from 3.5 GeV/c or decelerated from 11.8 or 15. 4 GeV/c (injection momentum) using the technique described in reference 8 for bunched beam acceleration.
Variation of the bunch frequency with position
Using (2) and (3) where wco is the revolution frequency for pb -Pcc
The revolution frequency of the debunched beam was measured by the longitudinal Schottky scan device. The working line was kept constant throughout the experiment.
The measured results plotted as (Pc-Pb)/(fb-fc) against (fb-fc) are shown in Fig. 3 . 
Measurement of Yt from Qs
The slope of yt can be changed with sextupole magnets1'2. The measurements were repeated for different sextupole settings, expressed here by their transverse effect in Q' = AP/ . The resulting effect on the slope of yt is shown in Fig. 4b) By keeping the maqnetic field constant and jumping the RF phase the bunch was quickly decelerated across the aperture (and across transition energy) into the other bucket which is below transition. This operation, which is rather tricky and lossy, was performed for academic interest only.
